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a b s t r a c t
The Äspö Pillar Stability Experiment (APSE) was conducted to study the rock mass response in a heated
rock pillar between two large boreholes. This paper summarizes the back calculations of the APSE using
a two-dimensional (2D) fracture propagation code FRACOD. To be able to model all the loading phases of
the APSE, including the thermal loading, the code was improved in several ways. A sequential excavation
function was developed to model promptly the stepwise changing loading geometry. Prior to the mod-
elling, short-term compressive strength test models were set up aiming to reproduce the stress–strain
behaviour observed for the Äspö diorite in laboratory. These models simulate both the axial and lateral
strains of radial-controlled laboratory tests. The volumetric strain was calculated from the simulations
and compared with the laboratory results. The pillar models include vertical and horizontal 2D models
from where the stress in the pillar wall was investigated. The vertical model assesses the stability of the
experimental rock volume and suggests the resultant stress below the tunnel ﬂoor in the pillar area. The
horizontal model considers cross-sections of the pillar between the two large boreholes. The horizon-
tal model is used to simulate the evolution of the stress in the rock mass during the excavation of the
boreholes and during and the heating phase to give an estimation of the spalling strength. The modelling
results suggest that the excavation-induced stresses will cause slight fracturing in the pillar walls, if the
strength of the APSE pillar is set to about 123MPa. Fracture propagation driven by thermal loading leads
to minor spalling. The thermal evolution, elastic behaviour and brittle failure observed in the experiment
are well reﬂected by the models.
© 2013 Production and hosting by Elsevier B.V. on behalf of Institute of Rock and Soil Mechanics,
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Task B in the DECOVALEX-2011 Project is based on the Äspö
illar Stability Experiment (APSE) performed in the Äspö Hard
ock Laboratory and managed by the Swedish Nuclear Fuel and
aste Management Company (SKB). Before the ﬁeld work of the
PSE started, detailed predictive modelling of temperature and
tress development as well as fracture initiation and fracture∗ Corresponding author. Tel.: +358 50581 68 30.
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evelopment was made. The predictive modelling of pillar failure
as described in SKB’s technical reports (e.g. Andersson, 2004;
inne et al., 2004). The APSE was described in detail in Andersson
2007), where the author put the main focus on the design, exe-
ution and observations during the experiment with a particular
ttention to the yielding strength of the rock mass.
After the pillar experiment was thoroughly reported, back cal-
ulations have been conducted by several modelling teams and
sing many numerical codes. These back calculations have been
escribed comprehensively in DECOVALEX-2011 Task B’s work
eports (Stage1, Stage2andStage3 reports, Andersson, 2009, 2010,
011a). A jointly report summarising all back calculations within
ask B was presented in SKB report series (Andersson, 2011b).
This paper describes the study conducted by the Posiva Team
sing an explicit fracture mechanics code FRACOD.
. Theoretic background of FRACODThe fracture mechanics approach to rock engineering problems
rovides a detailed representation of rock failure, because the fail-
re process is described through fracture initiation, propagation
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Fig. 1. Geometry of the TASQ tunnel and APSE boreholes. Cross sections modelled
by FRACOD are also indicated (modiﬁed from Andersson et al., 2003).
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nd interaction of fractures. FRACOD is a Windows based program
hat simulates explicitly the initiation of newly created fractures
nd propagation of pre-existing fractures in a continuous, homo-
eneous, elastic and isotropic medium in plane-strain conditions
Shen et al., 2006). This code is a 2D boundary element (BE) code
ased on the displacement discontinuity (DD) principles. It utilises
racturemechanics theories tomodel the fracturing process in brit-
le rocks.
.1. Modelling fracture propagation
Both tensile and shear failures are common in rock masses.
o effectively predict rock fracture propagation, Shen and
tephansson (1993) suggested a fracture propagation criterion for
ode I and mode II fracture propagation, namely the F-criterion.
ccording to the F-criterion, in an arbitrary direction () at a frac-
ure tip, there exists a F-value, which is calculated by
() = GI()
GIc
+ GII()
GIIc
(1)
here GIc and GIIc are the critical strain energy release rates for
ode I and mode II fracture propagation, respectively; GI() and
II() are the strain energy release rates due to the potential mode
and mode II fracture growth of a unit length, respectively. The
irection of fracture propagation will be the direction in which F
eaches themaximumvalue. If themaximum F reaches 1.0, fracture
ropagation will occur.
.2. Modelling fracture initiation
Based on the laboratory test results and acoustic emission (AE)
nterpretation, damage (fracture initiation)may start at a lowstress
evel and increases with stress. Due to rock inhomogeneity, the
hance of failure at a given location increases with stress until the
trength is reached.
FRACOD uses a probabilistic approach to simulate fracture ini-
iation. The Mohr–Coulomb intact rock strength criterion is used
ith a tension cut-off at the tensile strength to create ﬂaws in intact
ock. Depending on the stress state and loading geometry, these
mplemented ﬂaws or discontinuities may propagate and cause
ailure, if the fracture propagation criterion is met.
The fracture initiation and fracture propagation processes in
RACOD were described thoroughly by Shen et al. (2006).
. Layout and parameters of the APSE model
Fig. 1 shows an overview of the layout of the APSE. Two
oreholes (mimicking deposition holes of spent nuclear fuel) of
iameter d=1.75m were excavated from the 7.5m high TASQ tun-
el. The spatial layout was optimized to maximize the tangential
tresses around the tunnel and hence the stresses on the pillar
etween the boreholes. A plan and a vertical section of the pillar
olume including instrumentation and heaters are shown in Fig. 2.
Because FRACOD is based on fracture mechanics principles, it
pplies parameters known from fracture mechanic theories. The
undamental parameters can be obtained by laboratory testing. For
ew crack initiation, the Mohr–Coulomb criterion is used as dis-
ussed above. Hence, cohesion and friction angle for intact rock are
lso required. For modelling the elastic stress/strain behaviour, the
oung’s modulus and Poisson’s ratio are required.Most of the input parameters for Task B modelling were deﬁned
y Andersson (2007). Some parameters were set based on the pre-
ious work by Rinne et al. (2003) and Rinne (2008). Parameters
sed for mechanical calculations are listed in Table 1.
s
t
s
pig. 2. Plan view of the instrumentation of the experimental volume and a vertical
ection perpendicular to the TASQ tunnel axis showing the thermocouples and the
orehole ID codes (Andersson, 2007).
. Modelling uniaxial compression strength and triaxial
ests
Uniaxial compressive strength (UCS) test models and triax-
al test models were set up (Fig. 3), aiming to reproduce the
tress–strain behaviour observed for the Äspö diorite in labora-
ory. It is supposed that a good match between the laboratory
cale simulations and the outcome of the core testing assists to
redict the rock mass behaviour in the pillar scale. UCS and triaxial
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Table 1
Mechanical parameters in FRACOD.
Intact rock
Young’s modulus of rock mass (GPa) Poisson’s ratio of rock mass Cohesion (MPa) Friction angle (◦) Tensile strength (MPa)
55 0.25 22.5–31 49 14.9
Fractures
Cohesion
(MPa)
Friction
angle (◦)
Normal
stiffness
(GPa/m)
Shear
stiffness
(GPa/m)
Dilation
angle (◦)
Fracture
toughness-
tensile, KIC
(MPam0.5)
Fracture
toughness-
shear, KIIC
(MPam0.5)
Fracture
initial
aperture
(m)
Fracture
residual
aperture
(m)
Initial crack
element
size-lab. scale
test (m)
Initial crack
element
size-DQ
(m)
Initial crack
element
size-TASQ
(m)
0–20 25–35 20–27,000 2–2700 2 3.8 4.4 10×10−6 1×10−6 0.002 0.075 0.25–0.05
Fig. 3. Loading conﬁguration for FRACOD simulations.
Fig. 4. Fracture pattern at different compressive stress states according to FRACOD
simulation.
Fig. 5. Stress–strain behaviour of the Äspö diorite from laboratory triaxial test and
FRACOD modelling of sample T544.
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(ig. 6. Laboratory triaxial test and FRACOD modelling results of volumetric strain.
riaxial test of sample T544.
ompression tests have been carried out on this type of rock in
everal studies in different laboratories.
FRACOD modelling results of the UCS test is shown in Fig. 4 as
n example of failure pattern at different compressive stress states.
he UCS and triaxial models reproduce both the axial and lateral
trains of radial strain-controlled laboratory tests (Fig. 5). The volu-
etric strainwascalculated fromthe2Dsimulationsandcompared
ith the laboratory results (Fig. 6).
As an example of stress to strain response, the triaxial test of
ample T544 and the model results are shown in Fig. 5. The axial
tress in the specimen is detected at themiddle of the top boundary
f the model (A1 in Fig. 3). The lateral displacement is calculated at
he midpoint of the vertical edge (M1).
. Back calculations of the excavation induced stresses
The APSE involves the following loading stages:1) Step 1 – excavation of the tunnel (TASQ tunnel);
2) Step 2 – excavation of borehole No. 1;
3) Step3–applicationof conﬁningpressureof 0.7MPa inborehole
No. 1;
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The stress component perpendicular to the TASQ tunnel axisFig. 7. Cross-sections of the TASQ tunnel.
4) Step 4 – excavation of borehole No. 2;
5) Step 5 – heating of the pillar between the boreholes;
6) Step 6 – stop of heating;
7) Step 7 – release of normal load from the ﬁrst deposition hole;
8) Step 8 – destressing of the pillar.
Models presented in this paper involve Step 1 to Step 7.
estressing the pillar from induced stresses was made by drilling
slot in the tunnel ﬂoor. During the slot drilling, unexpected shear
ailure occurred between the slot and the large diameter bore-
oles. Modelled failure during the destressing was presented by
ndersson (2011b).
The modelling work started by investigating the induced
echanical stress distribution using elastic models. It means that
o failure was allowed and the failure mode of the model was
witched off. This was made to be able to compare different
odelling teams’ stress models before failure analysis or damage
odellingwas commenced (Andersson, 2009). Also the stress level
hen the failure was detected in the experiment was investigated
y calculations to assess the strength of the pillar.
Stress distribution around excavations was investigated by two
odels. The ﬁrst model depicts the TASQ tunnel cross-sectionFig. 7) and it gives the induced stress around the tunnel. The tun-
el ﬂoor is particularly of interest because the large boreholes are
xcavated in this rock volume.
(
t
lig. 8. Model geometry and applied stresses of the APSE boreholes. Stresses in a
orizontal section 1–2m below the tunnel ﬂoor.
The second model considers horizontal cross-sections of the
ock volume where the two boreholes are located (Fig. 8). It aims
o simulate the stress evolution in the pillar from mechanical and
hermal loadings.
.1. TASQ tunnel models
Because FRACOD is a 2D model, induced horizontal stresses at
ifferent depths below the tunnel ﬂoor were estimated using the
ASQ tunnel models. Andersson (2007) reported the presence of a
hear zone in the immediate tunnel ﬂoorwhere the boreholeswere
xcavated. The shear zone intersects the tunnel ﬂoor and it has a
ip angle estimated about 45◦. Several models with or without this
hear zone have been considered (Fig. 7).
The mechanical properties of the shear zone are uncertain and
everal normal and shear stiffness values are used. Fig. 9 shows
he modelled horizontal and vertical stress components in the rock
elow the tunnel ﬂoor.
When the shear zone is not considered, the maximum horizon-
al stress can reach over 66MPa, which occurs close to the tunnel
oor. Away from the tunnel surface, the stresses tend to reach
he in situ values. With the shear zone, however, the maximum
orizontal stress is signiﬁcantly lower (42MPa) and it occurs at
.6–1.0m below the tunnel ﬂoor.
Also the potential to failure was estimated by switching on the
ew fracture initiation and fracture propagationmodes of the code.
he modelling of the TASQ tunnel shows very limited fracturing in
he side walls and the roof. The models with or without the shear
one show slightly different results, and there aremore fractures in
he model with the shear zone. Most of the short fractures formed
re believed to be caused by the roughness of the tunnel surface,
hich creates high stress concentration. The TASQ tunnel models
o not suggest failure in the tunnel ﬂoor.
.2. Horizontal section of the boreholes
To model the horizontal cross section of the APSE boreholes
Fig. 8), the applied boundary stresses have to be deﬁned.yy) is taken from the TASQ tunnelmodel. The stress component in
he direction parallel to the tunnel axis is calculated using Hooke’s
aw with assumption of plane strain condition.
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(a) Without the shear zone.
(b) With the shear zone.
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⎢⎢⎢⎢ig. 9. Plot of the horizontal and vertical stresses along the centre line at the tunnel
oor. Fracture normal stiffness of the shear zone is Kn = 20GPa/m.
To obtain the stresses at the pillar wall, only elastic behaviour is
onsidered, i.e. no fracture initiation and propagation are allowed.
.3. Multi-step sequential excavation function
FRACOD was initially developed to model loading geometries
ith predeﬁned boundaries. In many cases, the model boundary
s however not completely ﬁxed at the beginning. An example is
equential excavation of two adjacent boreholes, as described for
he APSE. One borehole is excavated ﬁrst, resulting in deformation
nd failure (fracturing) in the borehole wall. The second borehole
s then excavated in an already disturbed stress ﬁeld. This may lead
o new fractures or further propagation of the existing fractures in
he surrounding rock mass.
Such a problem has to be considered by predeﬁning the bound-
ries of both boreholes in the numerical model. When modelling
heexcavationof theﬁrst borehole, the secondpredeﬁnedborehole
as to be treated specially by either ﬁxing its boundary (no defor-
ation) or applying constant stresses (e.g. in situ rock stresses)
n the boundary. These treatments, however, can seriously distort
he reality because the “imagery” boundaries of the second bore-
ole are neither ﬁxed in displacement nor ﬁxed in stresses during
he excavation of the ﬁrst borehole. This is in particular the case
hen the two boreholes are close to each other.
Because of the problem met above, there is a need to develop
RACOD for the sequential excavation problem. In order to clearly
emonstrate the theoretic steps of subsequent excavations using
⎢⎢⎢⎣ig. 10. Decomposition of problem into excavation steps for modelling sequential
xcavation.
D method, we consider the case with two boreholes, one exca-
ated before the other (Fig. 10). For the beneﬁt of illustration,
e assume both boreholes are loaded with internal stress on the
oundary. For excavation in pre-stressed rock mass, the in situ
tresseswill be treated as equivalent boundary stresses in FRACOD.
To make the simulations possible with boundary element, the
roblem is decomposed into two steps. The ﬁrst step only consid-
rs the excavation of the ﬁrst borehole. The second step considers
oth boreholes but the applied stress in the ﬁrst borehole will be
ero, and in the second borehole it will be the resultant stress from
he ﬁrst step. The ﬁnal stress and displacement results in the rock
ass and on the borehole boundaries will be the sum of those
btained from the two steps. Note that the conventional decom-
osition method by simply applying the actual stresses at different
teps does not apply to this case, because the model geometry has
hanged in different steps.
To illustrate this process in the numerical language, we ﬁrst
evisit the formulation for a single borehole in an inﬁnite rock
edium with predeﬁned boundaries. The borehole boundary has
een divided into m DD elements. In this case with predeﬁned
orehole, the DD matrix is written as
A11ss A
11
sn · · · A1mss A1msn
A11ns A
11
nn · · · A1mns A1mnn
.. .. .. .. ..
⎤
⎥⎥⎥⎥⎥
⎧⎪⎪⎪⎪⎪⎪⎪⎨
D1s
D1n
..
⎫⎪⎪⎪⎪⎪⎪⎪⎬
=
⎧⎪⎪⎪⎪⎪⎪⎪⎨
B1s
B1n
..
⎫⎪⎪⎪⎪⎪⎪⎪⎬
(2). . . . .
Am1ss A
m1
sn · · · Ammss Ammsn
Am1ns A
m1
nn · · · Ammns Ammnn
⎥⎥⎦
⎪⎪⎪⎪⎪⎪⎪⎩
.
Dms
Dmn
⎪⎪⎪⎪⎪⎪⎪⎭
⎪⎪⎪⎪⎪⎪⎪⎩
.
Bms
Bmn
⎪⎪⎪⎪⎪⎪⎪⎭
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here Asn, Ann, Ass, Ans are the inﬂuence coefﬁcients; Ds, Dn are the
isplacement discontinuities; Bs, Bn are the boundary stresses or
isplacements.
By solving Eq. (2), the displacement discontinuities (Ds, Dn) at
ll boundary elements of the single borehole boundary are known.
onsequently, the stress and displacement in the rock mass and
orehole boundary can be obtained by using the displacement dis-
ontinuity values of each element.
Theabove is thenumerical procedure involved in theﬁrst stepof
alculation. For the second step, let’s now consider the subsequent
xcavation of the second borehole. The boundary of the second
orehole is divided into (k−m) elements,making the total element
umber for both boreholes to k. In this step, both boreholes have
o be modelled. The matrix for the two-hole model is given below:⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
A11ss A
11
sn ... A
1m
ss A
1m
sn ... A
1k
ss A
1k
sk
A11ns A
11
nn ... A
1m
ns A
1m
nn ... A
11
ns A
11
nn
... ... ... ... ... ... ... ...
Am1ss A
m1
sn ... A
mm
ss A
mm
sn ... A
mk
ss A
mk
sn
Am1sn A
m1
nn ... A
mm
sn A
mm
nn ... A
mk
sn A
mk
nn
... ... ... ... ... ... ... ...
Ak1ss A
k1
sn ... A
mk
ss A
mk
ns ... A
kk
ss A
kk
sn
Ak1sn A
k1
nn ... A
mk
sn A
mk
nn ... A
11
sn A
kk
nn
⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
D1s
D1n
...
Dms
Dmn
...
Dks
Dkn
⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
=
⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩
0
0
...
0
0
...
Bks
Bkn
⎫⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎬
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎭
(3)
here Ds, Dn are the increments of displacement discontinu-
ties.
Based on the decomposition method, the boundary condition
sed in the two-holemodel has to be treated specially. The stresses
pplied to the ﬁrst borehole boundary are set to be zero, whereas
he stresses applied to the second borehole boundary are the resul-
ant stresses in theﬁrst stepat the locationof the futureboundaryof
he second borehole (i.e. Bis, i=m, k). They are the sum of the in situ
tresses and induced stresses from the excavation of borehole
o. 1.
The solution of Eq. (3) will provide us the additional DD values
f all the elements (i.e. Ds, Dn). The ﬁnal solution of problem
ill then be the sum of the DD values from Steps 1 and 2:
Dis)final = Dis + Dis (i = 1,m) (4)
Din)final = Din + Din (i = 1,m) (5)
For the elements along the second borehole boundary, there
re no DD values produced from Step 1 because this borehole is
ot considered. Therefore, the ﬁnal DD values are those obtained
rom the second step, i.e.
Dis)final = Dis (i = m + 1, k) (6)Din)final = Din (i = m + 1, k) (7)
The above decomposition process has been implemented in
RACOD. For sequential excavation problem with n excavation
w
i
a
eig. 11. Tangential stress at the borehole wall 1m below tunnel ﬂoor during differ-
nt excavation steps. Location where the stress is higher than strength (spalling) is
arked.
teps, an equal number of calculation steps are used in the sim-
lation. The model boundary is updated in each calculation step.
he results (i.e. DD values) from this and previous steps are stored
nd used in the next step.
.4. Mechanical stress evolution in the pillar
Themechanical stress evolution in thepillarwas investigatedby
sing the sequential excavation function in FRACOD. Fig. 11 shows
he predicted tangential stress distribution along the perimeters
f the two boreholes at a depth of 1m. The models indicate that,
epending on the rock strength used andwhether the shear zone is
onsidered, spalling can occur at the APSE experimental pillar due
o purelymechanical stresses (i.e. without considering the temper-
ture induced stresses). This study results suggest that the spalling
trength of the APSE pillar is about 123MPa.
. Thermo-mechanical (TM) coupling in FRACOD
.1. Principles and governing equations
Thermal stresses developwhen there are differences in temper-
ture in a rock mass. The contribution of the thermal effects to rock
eformation is considered using a thermo-elastic theory, i.e. the
ock mass volume expansion is linearly proportional to the tem-
erature change in the rock. Although laboratory experiment often
hows that the volume–temperature relationship is not always lin-
ar, this theory is still the most widely used due to its simplicity
nd validity.
Due to the time dependency of heat conduction, the changes
f thermal stress ﬁelds are transient processes. It should be noted
hat for rocks with low permeability, heat conduction dominates
he heat transfer process. Heat convection can usually be neglected
ecause of the extremely low ﬂuid ﬂow velocity in such rocks. This
ork is concernedwith lowpermeability rocks like shale and gran-te only, so effects of heat transported by convection are neglected
nd linear thermal conductive behaviour is assumed in the thermo-
lastic analysis.
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The theory of thermo-elasticity incorporates the typical linear
lastic assumptions and transient linear heat conduction. The gov-
rning thermo-elasticity equations implemented in FRACOD are
iscussed by Shen et al. (2008).
DD method is an indirect boundary element technique. For the
eneﬁt of TM coupling with FRACOD, an indirect method is also
onsidered for simulationof the temperaturedistribution and ther-
al stressesdue to internal andboundaryheat sources. The indirect
pproaches have been found efﬁcient in modelling poroelasticity
Ghassemi et al., 2001) and thermal-poroelasticity (Zhang, 2004)
sing boundary element methods.
The 2D fundamental solutions for temperature and stresses
nduced by a continuous point heat source in thermo-elasticity are
iven below (Zhang, 2004; Berchenko, 1998):
= 1
4k
Ei(2) (8a)
xx = E˛24k(1 − )
[(
1 − 2x
2
r2
)
1 − e−2
2
− Ei(2)
]
(8b)
xy = E˛24k(1 − )
[(
−2xy
r2
)
1 − e−2
2
]
(8c)
yy = E˛24k(1 − )
[(
1 − 2y
2
r2
)
1 − e−2
2
− Ei(2)
]
(8d)
x = ˛(1 + )4k(1 − ) r
[
x
r
(1 − e−2 )
22
+ 1
2
Ei(2)
]
(8e)
y = ˛(1 + )4k(1 − ) r
[
y
r
(1 − e−2 )
22
+ 1
2
Ei(2)
]
(8f)
here T is the temperature (◦C); xx, xy, yy are the stresses (Pa);
x, uy are the displacements (m); ˛ is the linear thermal expansion
oefﬁcient ((◦C)−1); k is the thermal conductivity (W/(m ◦C)); c is
he thermal diffusivity (m2/s), c= k/(cp),  is the density (kg/m3),
p is the speciﬁc heat capacity (J/(kg ◦C)); and r is the distance (m).
In the above equations:
=
√
x2 + y2 (9)
i(u) =
∫ ∞
u
e−z
z
dz (10)
2 = r
2
4ct
(11)
Eqs. (8a)–(8f) constitute the fundamental equations to be used
n all the formulations of the numerical process for TM coupling in
his paper.
.2. TM coupling in FRACOD
Because FRACOD uses 2D line elements to represent problem
oundaries, a line heat source solution in an inﬁnite medium is
onsidered. This can be done by integrating Eqs. (8a)–(8f) over the
lement length. In FRACOD, the integration is done numerically
sing ten evenly distributed points along each line element.
The basic principle of the indirect boundary element approach
or thermoelastic analysis is the assumption that a ﬁctitious line
eat source exists at each element. The strengths of the line sources
re unknown and should be determined based on the boundary
onditions. For example, if the temperature at all boundary ele-
ents is zero, the combined effect of all the line heat sources on the
oundary elements should result in a zero temperature. Once the
trength of each ﬁctitious heat source is determined, the tempera-
ure, thermalﬂux, and thermal-inducedstressesanddisplacements
i
d
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t any given location in the rock mass can be calculated using Eqs.
8a)–(8f).
The following numerical steps are involved in coupling the ther-
al stresses in FRACOD:
1) Solve the thermal problem separately without mechanical cal-
culations, using the ﬁctitious heat source method. Obtain the
ﬁctitious heat sources along the boundary. Take into account
the real heat sources in the rock mass if any.
2) Calculate the thermal stress at the centres of all boundary
elements. The thermal stresses are treated as the negative
boundary stress on the elements and they are added into the
total boundary stresses for the mechanical calculation. The
same principle is applied to the displacement boundary con-
ditions.
3) Solve the mechanical system of equations for the DDs of all
elements. The solution has already included the thermal effect.
4) Calculate the stresses and displacements at any internal point
in the rock mass using the resultant DDs. The thermal stresses
and displacements need to be added to their mechanical values
and they are calculated using ﬁctitious and real heat sources.
In the updated version of the coupled FRACOD, the follow-
ng new features and functions are added regarding the thermal
oading: two types of thermal boundary conditions can be used,
emperature or constant heat ﬂux. The boundary condition can be
aried over the duration of problem time. Fractures can be treated
s an internal thermal boundary. It can have temperature, heat ﬂux
r zero thermal resistant (i.e. the derivative of heat ﬂux is constant
ross the fracture). Internal heat sources are allowed,which include
oth point sources and line source in two dimensions. The internal
eat sources can have variable strength. Equal length of time steps
s used and the maximum number of time steps is 10.
.3. Modelling of TM effects
To model the effects of temperatures change, horizontal cross-
ection of the APSE boreholes was used. The workﬂow for
imulation of the temperature evolution, stresses and elastic dis-
lacements comprises:
1) Deﬁnitionofboundaryconditionsandgeometry for the2Dcase.
2) Calibration of the thermal conductivity for each depth level
analysed to meet speciﬁc measured temperatures.
3) Adjustment of the heater scheme to the time step deﬁnition
available in the code.
4) Adjustment of the thermal ﬂux to optimise the temperature
evolution.
5) Simulation of the temperature, displacement and stress evolu-
tion assuming elastic deformations only.
6) Simulation of the fracturing evolution.
The following sections summarise the outcome of the TM sim-
lations. Compilation of parameters used in the TM modelling is
isted in Table 2. More detailed information can be found in Staub
t al. (2004) and Andersson et al. (2003).
.4. Temperature evolution
A typical simulated temperature ﬁeld is exemplarily given in
ig. 12.The temperature results from thenumerical andphysical exper-
ments were calculated for different measurement points and
epth levels. A typical numerical and physical comparison is exem-
larily given in Fig. 13.
80 M. Rinne et al. / Journal of Rock Mechanics and Geotechnical Engineering 5 (2013) 73–83
Table 2
Compilation of thermo-mechanical parameters used in FRACOD.
Young’s modulus, E
(GPa)
Poisson’s ratio,  Thermal conductivity,
	 (W/(mK))
Coefﬁcient of linear
expansion, ˛ (K−1)
Density,  (kg/m3) Speciﬁc heat, c
(J/(kgK))
76 0.25 2.6, 3.2, 4.2 7.0×10−6 2730 770
Mode I fracture
toughness, KIc
(MPam1/2)
Mode II fracture
toughness, KIIc
(MPam1/2)
Tensile strength, t
(MPa)
Cohesion (MPa) Angle of internal
friction (◦)
Initial fracture
length (m)
3.8 4.4 14.9 30.9 49 0.075
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Fig. 13. Temperature as simulated in the numerical experiment (dotted line)
compared to the physical experiment (grey line) for the measurement points at
the borehole walls (DQ0063G01C and DQ0066G01C) and between the heaters
(DQ0064G06 and DQ0064G07) at the −3.5m depth level (see instrumentation in
Fig. 2).Fig. 12. Temperature ﬁeld at −3.5m after 15 days.
In general, there is an excellent agreement between the numer-
cal back calculation and the measured temperature in the physical
xperiment for measurement points. Differences in the tempera-
ures are mostly due to the fact that the numerical heating scheme
s bounded to a ﬁve-day interval, whereas the temperature in the
hysical experiment is changed not on a ﬁve-day scheme. The tem-
erature difference after 60 days is usually less than 3 ◦C.
.5. Stress evolution and elastic displacements
The simulation shows an increase of stress with increase in
emperature and the stress evolution follows the temperature evo-
ution (Fig. 14). The stresses are highest at the tunnel ﬂoor and
ecay with depth. This is due to the distance to the tunnel ﬂoor in
he superimposed stress ﬁeld redistribution. The stress increment
ith increase of temperatures is about 48MPa.
The elastic displacements show similar behaviour on the three
epth levels with only minor differences in magnitudes. The simu-
ation results at the most distal sensors show consistent displace-
ents and undulating displacements during the heating process.
he magnitudes in displacement are in the order of 1/10mm.
.6. Fracture network generation
The fractures are initiated at the narrowest point of the pillar at
he unconﬁned borehole. The fracturing then propagates into the
illar and thebreakoutwidens (Fig. 15). Fromaseriesof simulations
ith different fracture initiation strength levels, the ﬁnal breakoutizes were computed (Fig. 16).
Several models were run using different levels of the
ohr–Coulomb criterion for fracture initiation stress to study
he effect of the crack initiation level on the extent of pillar
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pig. 14. Tangential stress as a function of depth along hole DQ0063G01 at the nar-
owest point of the pillar at day 0, 35 and 60 of the heating period.
ailure. As an example of the failure pattern when applying 53% of
ohr–Coulomb strength, the heating for 60 days is presented in
ig. 16.
.7. Displacements from fracturing simulations
The simulation of the generation of the fracture network gives
he possibility to process the displacements as from fracture gen-
ration for comparison to the in situ measurements. Fig. 17 depicts
n example of a simulation of a model with the fracture initiation
t 53% of the Mohr–Coulomb strength.
It becomes obvious that after moderate movement of the wall
utwards (negative displacements) at about 40 days, the displace-
ents are becoming larger and the excavationwallmoves inwards.
he signiﬁcant deformation starts at about day 40, which is in good
greement with the in situ measurements. The simulated displace-
ents are a few mm. The contraction and subsequent dilation as
as reported by Andersson (2007) could also be simulated by FRA-
OD. Some readings from the physical experiment show earlier or
arger displacements, which are believed to be governed by the
re-existing fractures and are not considered in the simulation
ampaign.
. Discussion.1. Effect of the shear zone
The shear zone in the TASQ tunnel ﬂoor is found to have a
ajor effect on the stresses applied to the pillar, particularly if
g
g
e
n
Fig. 15. Evolution of fracturingFig. 16. Simulated fracture network after 60 days.
he stiffness of the shear zone is low. Without the shear zone
onsidered, the horizontal stress in the tunnel ﬂoor is predicted to
e highest at the tunnel ﬂoor, which would have resulted in pillar
palling in the immediate tunnel ﬂoor. The ﬁeld observation, how-
ver, indicated that the ﬁrst 0.5m of the pillar below the tunnel
oor did not have spalling. Factors other than the shear zone may
ave affected the stress distribution in the tunnel ﬂoor and are
ontributed to the fact that no spalling occurred in the most upper
illar section. One of these factors is the excavation damaged zone
EDZ) around the TASQ tunnel, which may have resulted in lower
tresses than expected in the tunnel ﬂoor. Another factor is that
he vertical stress is close to zero in the immediate tunnel ﬂoor
Fig. 8). Therefore, rock fracturing may occur horizontally, forming
oor slabbing rather than pillar spalling.
.2. Sequential excavation function
Improvement of the code was made by introducing the sequen-
ial excavation function. There is no limit in the number of
xcavation steps that canbeused, but thenumerical accuracy tends
o reduce as the number of excavation steps increases. The sequen-
ial excavation function uses the calculated stresses at the future
xcavation boundary as the boundary condition for the calculation
n the next steps. Hence, any numerical error will be accumulated
nd propagated step-by-step into the ﬁnal results. On the contrast,
he normal all-in-one excavation only uses the in situ stresses and
pplied boundary stresses in the calculation, which eliminates the
ossibility of the above numerical errors.
In the sequential excavation function, the new excavation
eometry should not have any overlap with the old excavation
eometry, and no fractures should have existed in the area of new
xcavation. The current code allows adding new elements, but
ot deleting elements. To overcome this limitation, re-meshing is
under thermal loading.
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Fig. 17. Simulated displacements from the distinct generation of the fracture net-
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Swedish Nuclear Fuel and Waste Management Co. (SKB); 2004.ork while spalling at point DQ0063G01C. Fracture initiation is at 53% of the
ohr–Coulomb strength.
eeded, which means that old boundary elements are deleted and
eplaced with new elements. The re-meshing option can be added
n the code but for the pillar problem re-meshing is not needed.
.3. TM coupling
Coupling between thermal loading and mechanical process can
e two ways. Firstly, the temperature change in rock mass will
ause thermal stresses; secondly, stress change in the rock mass
ay cause a temperature change. Although heat transfer can result
n signiﬁcant changes involumetric stress, inﬂuencesof rockmatrix
eformation on the temperature ﬁeld are usually negligible. This
eans that heat ﬂux and temperature can be calculated separately
ithout consideration of mechanical stresses. From the foregoing
iscussion, the TM coupling only refers to the case that heating of
he rock increases volumetric stresses.
. Conclusions
A boundary element code FRACOD utilising fracture mechanics
pproach has been used to model the fracturing process of brittle
ocks under mechanical and thermal loadings. The main ﬁndings
re as follows:1) The axial and radial responses to loading as monitored in
the laboratory tests for Äspo diorite have been modelled. The
Aeotechnical Engineering 5 (2013) 73–83
general stress–strain responses, including the class-II type of
post-failure behaviour and volumetric strain are well reﬂected.
2) The shear zone intersecting the modelled rock volume in the
APSE is found to have a major effect on the stresses applied to
thepillar, particularly if the stiffnessof this zone is low.Depend-
ing on the rock strength used and whether the shear zone is
considered, models suggest slight damage at the pillar bound-
ary due to purely mechanical stresses (i.e. without considering
the temperature induced stresses). Stressmodelling and obser-
vations from the ﬁeld suggest that the spalling strength of the
APSE pillar is about 123MPa.
3) The simulated temperature evolution in the pillar volume
shows excellent agreement with the in situ measurements.
Small deviations are believed to originate from the 2D model
that is not capable of considering heat transfer in vertical direc-
tion.
4) Displacements from simulations agree very well with the mea-
surements. After an initial compaction phase, the rock shows
dilatation with the generation of the breakouts after 40 days of
heating.
5) The simulationof the fracture initiationandpropagation results
in fracture patterns that agree well with the in situ observa-
tions. The breakout angle and breakout depth show excellent
agreement when the fracture initiation strength as determined
in the laboratory (53% of Mohr–Coulomb strength) is used for
the simulations. A breakout angle of 50◦ and a depth of 120mm
are predicted by the simulation.
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